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(54) Passband filter having an asymmetrical filter response 



(57) A filter, such as a transmit filter (34) of a duplex- 
es includes an array of acoustic resonators (36, 38, 40, 
42, 44, 46 and 48) that cooperate to establish an asym- 
metrically shaped filter response (56) over a target fre- 
quency passband. The acoustic resonators are prefer- 
ably film bulk acoustic resonators (FBARs). The filter re- 
sponse defines an insertion loss profile in which a min- 



imum insertion loss within the target passband is located 
at or near a first end of the frequency passband, while 
the maximum insertion loss is located at or near the op- 
posite end of the frequency passband. In the transmit 
filter embodiment, the minimum insertion loss is at or 
near the high frequency end of the filter response, which 
is tailored by selectively locating poles and zeros of the 
array of FBARs. 
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Description 

TECHNICAL FIELD 

[0001] The invention relates generally to acoustic res- 
onators and more particularly to tailoring the filter re- 
sponse for a passband filter having film bulk acoustic 
resonators. 

BACKGROUND ART 

[0002] In different communications systems, the 
same signal path functions as both an input to a receiver 
and an output from a transmitter. For example, in a cel- 
lular or cordless telephone, an antenna may be coupled 
to the receiver and to the transmitter. In such an arrange- 
ment, a duplexer is often used to couple the common 
signal path to the input and to the output. The function 
of the duplexer is to provide the necessary coupling to 
and from the common signal path, while preventing the 
signals generated by the transmitter from being coupled 
to the input of the receiver. 

[0003] One type of duplexer is referred to as a "full 
duplexer." A full duplexer operates properly only if the 
transmit signal is carried at a frequency that is different 
than the frequency of the receive signal. The full duplex- 
er utilizes passband filters that isolate the transmit signal 
from the receive signal according to the frequencies. 
Fig. 1 illustrates a conventional circuit used in cellular 
telephones, personal communication system (PCS) de- 
vices and other transmit/receive devices. A power am- 
plifier 10 of a transmitter is connected to a transmit port 
12 of a full duplexer 14. The duplexer also includes a 
receive port 1 6 that is connected to a low noise amplifier 
(LNA) 1 8 of a receiver. In addition to the transmit port 
and the receive port, the duplexer includes an antenna 
port 20 which is connected to an antenna 22. 
[0004] The duplexer 1 4 employs a transmit passband 
filter 24, a receive passband filter 26, and a phase shifter 
28. The passbands of the two filters 24 and 26 are re- 
spectively centered on the frequency range of the trans- 
mit signal from the transmit port 12 and the receive sig- 
nal to which the receiver is tuned. 
[0005] The requirements of the passband filters 24 
and 26 of the duplexer 14 are stringent. The passband 
filters must isolate low intensity receive signals gener- 
ated by the antenna for input to the low noise amplifier 
18 from the strong transmit signals generated by the 
power amplifier 10. In a typical embodiment, the sensi- 
tivity of the low noise amplifier may be in the order of 
-1 00 dBm, while the power amplifier may provide trans- 
mit signals having an intensity of approximately 28 dBm. 
The duplexer 14 must attenuate the transmit signal by 
approximately 50 dB between the antenna port 20 and 
the receive port 16 to prevent any residual transmit sig- 
nal that may be mixed with the receive signal from over- 
loading the low noise amplifier 18. 
[0006] One standard for use in PCS devices for a mo- 



bile telephone is the code division multiple access (CD- 
MA) standard. A CDMA 1900 MHz mobile phone has a 
transmit filter 24 with a passband of 1 850 MHz to 1 91 0 
MHz and has a receive filter 26 with a passband of 1 930 

5 MHz to 1 990 MHz. A filter response 30 for the transmit 
filter is shown in Fig. 2. The filter response is defined by 
poles and zeros (i.e., nulls) of acoustic resonators. The 
poles and zeros are equidistantly spaced from a center 
frequency 32. During ideal conditions, the attenuation 

10 within the range of frequencies from 1 850 MHz to 1 91 0 
MHz is relatively small. That is, the filter response 30 
exhibits a relatively small insertion loss. On the other 
hand, the attenuation beyond the target passband is 
substantial. As shown in Fig. 2, there is a steep roll-off 

15 at both the high frequency end and the low frequency 
end of the filter response. The steep roll-off at the high 
frequency end ensures isolation from the passband of 
the receive filter 26, which is only 20 MHz above the 
passband of the transmit filter. 

20 [0007] There are a number of available approaches 
to fabricating a duplexer. The conventional approach is 
to use ceramic technology. That is, ceramic-based half- 
wave and quarter-wave resonators are fabricated and 
connected to provide the poles and zeros which define 

25 the desired filter response. A significant built-in advan- 
tage of ceramic filters is that the temperature coefficient 
of such a filter is close to zero. Thus, the filter response 
does not materially change in shape or location as a re- 
sult of temperature variations. 

30 [0008] One concern with the use of ceramic duplexers 
is that there is a relationship between the quality factor 
"Q" of the filter and the size of the filter. For a ceramic 
filter, Q decreases with the decreasing size of the filter. 
In applications such as the CDMA market, the guard 

35 band between the transmit passband and the receive 
passband is very narrow (20 MHz). Since Q affects the 
steepness of the roll-off of the filter response, the Q must 
remain within a set range if the roll-off of the filter re- 
sponse is to meet the specifications set forth by the re- 

40 quirements of the system. Therefore, the duplexer that 
is fabricated using ceramic technology has a certain 
minimum volume that is relatively large. In fact, of the 
components of a CDMA 1900 MHz telephone, only the 
battery is larger than a ceramic-based duplexer. 

45 [0009] Alternative approaches to using ceramic- 
based duplexers include fabricating surface acoustic 
wave (SAW) duplexers or film bulk acoustic resonator 
(FBAR) duplexers. Both of these types of duplexers oc- 
cupy much smaller volumesthan the ceramic duplexers, 

50 since the limiting factors for the Q are governed by the 
properties of soundwaves, rather than electrical resist- 
ance. A typical SAW or FBAR die size (e.g., silicon chip 
size) is on the order of 0.25 mm. The height is governed 
by the die package requirements, but can be made un- 

55 der 2 mm. A drawback for both SAW and FBAR duplex- 
ers is that both technologies suffer from frequency shifts 
as a result of temperature variations. As the duplexer 
increases in temperature, the stiffness of the resonating 
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materials decreases. The decrease in material stiffness 
results in a shift in the sound wave velocity, since the 
sound velocity is dependent upon the square root of the 
mass density divided by the stiffness. It follows that the 
filter response shifts downwardly in frequency as the 
temperature rises. SAW duplexers also have problems 
with power handling capabilities and achieving a rela- 
tively high Q. It has not yet been shown that SAW du- 
plexers can meet the performance requirements for use 
in CDMA 1900 MHz telephones. 

[0010] FBAR technology has three advantages over 
SAW technology. First, FBAR duplexers have been 
shown to have excellent power handling abilities. Sec- 
ond, FBAR resonators demonstrate Qs that are signifi- 
cantly higher than those identified in publications re- 
garding SAW resonators. Using FBAR resonators, it is 
possible to achieve a 10.5 MHz roll-off (from 3.3 dB to 
47.5 dB) for the transmitter portion of a CDMA PCS du- 
plexes In comparison, ceramic duplexers have approx- 
imately a 20 MHz roll-off. The third advantage of FBAR 
duplexers over SAW duplexers is that they tend to have 
a lower temperature coefficient. SAW resonators made 
from lithium niobate have a frequency shift of approxi- 
mately 90 ppm/°C, and SAW resonators made with lith- 
ium tantalate have a frequency shift of approximately 34 
ppm/°C. In comparison, FBAR duplexers have been 
measured to have a frequency shift between 20 and 30 
ppm/°C. 

[0011] As previously noted, within the CDMA PCS 
specification, there is a 20 MHz guard band between the 
transmitter and receiver passbands. The goal of a du- 
plexer is to allow as much energy through each pass- 
band, while rejecting nearly all energies outside of the 
passband. If a realistic FBAR duplexer has a 50 dB roll- 
off in 1 0 MHz, this leaves 1 0 MHz for process variation 
and temperature shift. In percentage terms, this is slight- 
ly greater than 0.5 percent (i.e., 10 MHz/1920 MHz). If 
it is assumed that an FBAR filter has a temperature-de- 
pendent frequency shift of 30ppm/°C, and it is assumed 
that system requirements must meet specifications over 
a temperature range of -20°C to 60°C, the total temper- 
ature shift may be as great as 4.8 MHz. Additionally, 
heating of the FBAR filter as a result of absorption of 
input power may extend the potential frequency shift to 
6 MHz. Using 1 0 MHz for the roll-off and 6 MHz for the 
temperature-induced shift, there are only 4 MHz that re- 
main for process variations within the fabrication proce- 
dure. Moreover, there are back-end variations in assem- 
bly which may affect the tolerances. 
[0012] What is needed is a filter and a method of fab- 
ricating the filter which mitigate the adverse effects of 
temperature variations. 

SUMMARY OF THE INVENTION 

[0013] A filter includes an array of acoustic resonators 
that cooperate to establish an asymmetrical filter re- 
sponse over a target passband of frequencies. In the 



preferred embodiment, the acoustic resonators are film 
bulk acoustic resonators (FBARs) that include series 
FBARs coupled in electrical series and at least one 
shunt FBAR that is connected between adjacent series 

5 FBARs. The series FBARs determine the response 
characteristics at one end of a filter response over the 
target passband, while the shunt FBAR or FBARs de- 
termine the response characteristics at the opposite 
end. In the most preferred embodiment, the filter is a 

10 transmitter portion of a duplexer, so that the series 
FBARs determine the response characteristics at the 
high frequency end. In this embodiment, the passband 
of the filter has an insertion loss profile in which a min- 
imum insertion loss is located at or near the high fre- 

15 quency end of the filter response and a greater insertion 
loss is exhibited at the low frequency end. 
[001 4] The passband of the filter is determined by the 
resonant frequencies of the acoustic resonators. Poles 
and zeros are selected to tailor the filter response. In 

20 the preferred embodiment, the insertion loss profile of 
the filter response over the target passband progres- 
sively declines from the minimum insertion loss located 
at or near the high frequency end of the target passband 
to a maximum insertion loss located at or near the low 

25 frequency end. That is, there is a filter response slope 
within the target passband. Furthermore, there prefera- 
bly is a steep roll-off adjacent to the high frequency end 
of the target passband and a gradual roll-off adjacent to 
the low frequency end. The tailoring of the filter re- 

30 sponse can be accomplished using known methods, 
such as by selectively adjusting the effective coupling 
coefficients of the FBARs or by selectively adjusting the 
impedances of the FBARs. As another alternative, aux- 
iliary inductances may be intentionally introduced into 

35 electrical series with one or more of the FBARs, so as 
to slightly reduce the resonant frequency. For example, 
all of the shunt FBARs of a transmitter filter may be fab- 
ricated to have the same resonant frequency, but one 
shunt FBAR may be connected to an auxiliary inductor 

40 that changes the characteristics of the transmitter filter 
at the low frequency end of the passband. 
[0015] The goal in the tailoring of the filter response 
is to address the "worst case" scenario for operation of 
the system in which the filter resides. The tailoring sac- 

15 rif ices performance atthe duplexer portion of the system 
in order to compensate for weaknesses at the power 
amplification portion. This "worst case" scenario occurs 
when the ambient temperature and the power require- 
ments are simultaneously high. The elevated tempera- 

50 ture tends to negatively affect the efficiency of the power 
amplifier. When the efficiency of the power amplifier de- 
creases as a result of a temperature increase, the op- 
eration of the power amplifier is automatically adjusted 
by signaling from the base station to compensate for the 

55 loss in radio frequency (rf) power. The resulting power 
boost requires higher amounts of heat to be dissipated 
as a result of the increased dc losses. 
[0016] Another factor of the "worst case" scenario is 
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that as the FBAR filter begins to heat and the filter re- 
sponse shifts downwardly in frequency, the power ab- 
sorbed by the filter increases dramatically. This increas- 
es the temperature of the filter. At higher temperatures, 
a given filter will experience more insertion loss across 
its entire passband. The higher insertion loss causes 
more power to be dissipated in the filter. All of these fac- 
tors contribute to a "positive feedback" effect. The signal 
that is transmitted to the antenna will degrade quickly 
as conditions approach the "worst case" scenario. 
[0017] By tailoring the filter response in the manner 
described above, a "hump" is formed at the high fre- 
quency end of the transmitter portion of a duplexer. 
There is a reduction in filter performance at the low fre- 
quency end as a result of the tailoring at the high fre- 
quency end, but the overall system performance is en- 
hanced. As ambient temperatures rise and power from 
the power amplifier increases (increasing both circuit 
board temperature and locally elevating the filter tem- 
perature via additional power absorbed at the filter), the 
overall insertion loss of the filter remains substantially 
constant. 

[0018] The description of the "worst case" scenario 
relates only to the high frequency end of the filter re- 
sponse of the transmitter portion. The present invention 
recognizes that the adverse effects exhibited at the low 
frequency end of the passband are significantly less se- 
vere. If the ambient temperature drops from room tem- 
perature to -20°C, the insertion loss will be less than 
what it would be for a filter having a symmetrical filter 
response. However, there are two mitigating factors that 
create a "negative feedback" effect (as opposed to the 
positive feedback effect described above). The first mit- 
igating factor is that as the temperature decreases, the 
overall insertion loss reduces, since electrical losses 
and thermo-acoustic scattering losses decrease. The 
second mitigating factor is that the power amplifier is 
"slaved" to the PCS base station. If the base station per- 
ceives that the power amplifier is not generating suffi- 
cient power, it will instruct the remote PCS device to in- 
crease the power output of the power amplifier. At lower 
temperatures, the power amplifier is more efficient and 
can comply with the request of the base station without 
dissipating a great amount of power. With the increase 
in power, the filter is heated by the added power directly 
in the FBAR filter and by the residual increase in heat 
emanated from the power amplifier. 
[0019] The strategy of designing the asymmetrical fil- 
ter response allows designers to overcome a major 
problem of performance degradation at elevated tem- 
peratures. Such a design is particularly useful in appli- 
cations in which there are extremely tight tolerances and 
error budgets, such as those associated with the 1900 
MHz PCS band. However, the asymmetrical filter re- 
sponse carries benefits in other applications. 



10 



15 



20 



25 



BRIEF DESCRIPTION OF THE DRAWINGS 
[0020] 

Fig. 1 is a block diagram of front-end circuitry of a 
conventional cellular telephone or similar device. 
Fig. 2 is a graph of a filter response of a conven- 
tional transmit filter of a 1900 MHz cellular tele- 
phone. 

Fig. 3 is a block diagram of a transmitter filter fabri- 
cated in accordance with the present invention. 
Fig. 4 is the filter response of the transmitter filter of 
Fig. 3 shown in both a normal condition and a con- 
dition in which elevated temperatures have shifted 
the filter response downwardly in frequency. 
Fig. 5 shows the filter response of Fig. 2 in its normal 
condition and in a condition in which elevated tem- 
peratures have shifted the filter response down- 
wardly in frequency. 

Fig. 6 shows a combination of the filter responses 
of Figs. 4 and 5. 

Fig. 7 is a schematic drawing of the electrical equiv- 
alent circuit of a conventional FBAR. 
Fig. 8 is a block diagram of a transmit filter having 
auxiliary inductors in order to add an inductance to 
the electrical equivalent circuits. 

DETAILED DESCRIPTION 



30 [0021] With reference to Fig. 3, an example of an ar- 
ray of FBAR resonators that are interconnected to form 
a transmit filter is shown as a 3 1 /£-stage ladder circuit. 
The transmit filter 34 includes three series FBARs 36, 
38 and 40 and four shunt FBARs 42, 44, 46 and 48. 

35 However, other filter topologies may be used, such as 
a transmit filter having two series FBARs and two shunt 
FBARs. The three series FBARs are coupled in electri- 
cal series between a transmit port 12 and an antenna 
port 20. As shown in Fig. 1 , the transmit port may be 

^0 connected to a power amplifier 10, while the antenna 
port 20 may be connected to an antenna 22. As is well 
known in the art, the transmit filter 34 passes selected 
frequencies, while rejecting other frequencies. 
[0022] Each of the FBARs 36-48 includes a pair of 

45 electrodes that sandwich a piezoelectric material. For 
example, the series FBAR 38 may include two molyb- 
denum layers 50 and 52 on opposite sides of an alumi- 
num nitride layer 54. The resonant frequency of the 
FBAR depends upon factors that include the selected 

50 materials and selected thicknesses of the electrode and 
piezoelectric layers. To achieve a resonant frequency of 
approximately 1900 MHz, each electrode layer may 
have a thickness of 1100 A and the aluminum nitride 
may have a thickness of 2.2 microns. However, these 

55 thicknesses are not critical to the invention. 

[0023] The series coupling of the FBARs 36, 38 and 
40 is achieved by connecting the electrode layers. Thus, 
the series FBAR 36 has one electrode layer connected 
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to the antenna port 20 and the opposite electrode layer 
connected to electrode layer 52 of series FBAR38. Sim- 
ilarly, the series FBAR 40 has one electrode connected 
to the transmit port 12 and the opposite electrode con- 
nected to the electrode layer 50 of the series FBAR 38. 
[0024] Each shunt FBAR 42-48 has one electrode lay- 
er connected to electrical ground and has the opposite 
electrode connected to the series circuit of the series 
FBARs 36-40. The fabrication and interconnection of 
the FBARs 36-48 are selected so as to achieve the 
asymmetrical (sloped) filter response 56 shown in Fig. 
4. The invention will be described with reference to ap- 
plications in which the target passband is the passband 
of the transmitter portion in a duplexer for a 1 900 MHz 
telephone. However, the invention may be used in other 
applications. As shown in Fig. 4, the filter response 56 
exhibits a minimum insertion loss near the high frequen- 
cy end of the target passband (i.e., 1 850 MHz to 1 91 0 
MHz). The insertion loss increases with approach to the 
low frequency end of the target passband. In the pre- 
ferred embodiment, the filter response has a steep roll- 
off at the high frequency end, but a gradual roll-off in the 
region below the low frequency end. The steep roll-off 
at the high frequency end ensures isolation of the trans- 
mitter signals from the receive signals. As will be ex- 
plained more fully below, the gradual roll-off at the region 
below the low frequency end provides acceptable signal 
passage during particularly cold operating conditions for 
the 1900 MHz telephone. 

[0025] The asymmetrical passband 56 of Fig. 4 may 
be fashioned by properly selecting the poles and zeros 
(nulls). A hump at the high frequency end may be formed 
by appropriately "piling" poles and zeros around the 
steep roll-off. This may be achieved using techniques 
known in the art. A selection of the resonant frequencies 
of the series FBARs 36-40 and the shunt FBARs 42-48 
of Fig. 3 determines characteristics of the filter re- 
sponse. The resonant frequency of an FBAR is depend- 
ent upon the "weighted thickness" of the electrode-pie- 
zoelectric stack that forms the FBAR. The weighted 
thickness is the physical thicknesses of the layers with 
an adjustment that is based upon the selection of the 
electrode and piezoelectric materials. The adjustment 
is necessary, since the velocity of sound is different in 
different materials. Changing the physical thickness or 
the material for one or more of the electrodes changes 
the weighted thickness of the electrode-piezoelectric 
stack, thereby adjusting the resonant frequency of the 
stack. 

[0026] Poles and zeros for the filter response 56 are 
also determined by the areas of the electrode-piezoe- 
lectric stacks that form the FBARs 36-48. The area of 
an FBAR will affect the impedance of the FBAR. 
[0027] In addition to changing the resonant frequen- 
cies, variations in the layer thicknesses of the electrode- 
piezoelectric stacks will affect the effective coupling co- 
efficients (kt 2 ) of the FBARs 36-48. A conventional (i.e., 
intrinsic) effective coupling coefficient is in the range of 



4.0 percent to 7.0 percent, and is more likely to be within 
the range of 5.0 percent to 6.0 percent. For the series 
FBAR 38 of Fig. 3, the electrode layers 50 and 52 may 
each have a thickness of 1100 A and the piezoelectric 
5 layer 54 may have a thickness of 2.2 microns, so as to 
achieve a resonant frequency for a CDMA-compatible 
transmit filter that provides an effective coupling coeffi- 
cient in the range of 5.6 percent to 5.8 percent. As an 
alternative, each electrode layer 50 and 52 may have a 
10 thickness of 2200 A and the aluminum nitride layer 54 
may have a thickness of 1 .65 microns in order to provide 
approximately the same frequency, but with an effective 
coupling coefficient of approximately 5.4 percent. As a 
third alternative, the electrode layers may have athick- 
15 ness of approximately 4500 A and the aluminum nitride 
layer may have a thickness of approximately 8000 A, 
providing the specification-required resonant frequency 
at a degraded effective coupling coefficient in the range 
of 3.1 percent to 3.2 percent. 
20 [0028] The shunt FBARs 42-48 of Fig. 3 determine the 
passband characteristics at the low frequency end of the 
filter response 56 of Fig. 4, while the series FBARs 
36-40 determine the characteristics at the high frequen- 
cy end. Thus, by properly tailoring the physical and elec- 
ts trical properties of the FBARs, the different characteris- 
tics at the opposite ends of the filter response 56 of Fig. 
4 may be realized. 

[0029] The filter response 56 of Fig. 4 is shown in the 
condition in which it is designed when the transmit filter 
30 34 of Fig. 3 is operated at room temperature. However, 
the position of the poles and zeros of the filter response 
relative to the target passband will shift with variations 
in temperature. A frequency-shifted filter response 58 is 
also shown in Fig. 4. The position of the filter response 
35 relative to the target passband will shift downwardly with 
increases in temperature. A decrease in material stiff- 
ness as a result of a decrease in the sound wave velocity 
is one factor in triggering the filter response shift repre- 
sented in Fig. 4. However, there are other temperature- 
40 dependent factors that affect the position of the filter re- 
sponse of an FBAR filter. Elevated temperatures tend 
to affect the efficiency of the power amplifier, such as 
the power amplifier 10 of Fig. 1. The operation of the 
power amplifier is "slaved" to the PCS base station, so 
^5 that the base station will transmit a command to in- 
crease the power output if there is a loss in transmitted 
radio frequency power. The increase in power by the 
amplifier results in further heat dissipation within the de- 
vice. Another factor is that as the FBAR filter begins to 
50 heat and the filter response shifts downwardly in fre- 
quency, the power absorbed by the filter increases sig- 
nificantly. This adds to the increase in the temperature 
of the filter. While not shown in Fig. 4, an increase in the 
temperature of a particular filter will increase the inser- 
ts tion loss across the entire passband. The higher inser- 
tion loss causes more power to be dissipated in the filter. 
All of these factors contribute to a "positive feedback" 
effect with respect to an increase in temperature. 
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[0030] By tailoring the filter response in the manner 
shown in Fig. 4, the additive factors have less effect on 
insertion loss, in Fig. 4, the insertion loss at 1910 MHz 
is greater for the frequency-shifted filter response 58 
than for the "normal" operation filter response 56, but 
the difference is less significant than is exhibited with 
conventional filters. Referring to Fig. 5, the "normal" op- 
eration symmetrical filter response 30 of Fig. 2 is shown 
with a frequency-shifted symmetrical response 60. 
Comparing Figs. 4 and 5, it can be seen that the differ- 
ence in insertion loss is less troublesome as a result of 
the response tailoring shown in Fig. 4. Moreover, the two 
frequency-shifted filter responses 58 and 60 are consid- 
ered "worst case" scenarios. If the temperature-induced 
frequency shifts are less dramatic than the worst case 
scenario, there will be an even smaller ratio of the inser- 
tion loss differential exhibited by the asymmetrical filter 
response of Fig. 4 to the insertion loss differential exhib- 
ited by the conventional symmetrical filter response of 
Fig. 5. For purposes of comparison, the two frequency- 
shifted filter responses 58 and 60 and the two normal- 
operation filter responses 30 and 56 are shown in Fig. 6. 
[0031] The description of the worst case scenario 
does not relate to the low frequency end of the filter re- 
sponse of the transmit filter. In a situation in which a CD- 
MA-compatible duplexer is subjected to low tempera- 
tures (e.g., -20°C), the required output of the power am- 
plifier is particularly low. As can be seen in Fig. 6, the 
insertion loss at 1850 MHz is greater for the asymmet- 
rical filter response 56 than for the conventional sym- 
metrical filter response 30. However, if the temperature 
increases, the insertion loss at 1 850 MHz will decrease 
for the asymmetrical filter response 56. Additionally, as 
the ambient temperature drops, the insertion loss in- 
creases for both types of filters, but the gentle slope of 
the asymmetrical filter response 56 ensures that the 
drop in insertion loss is less significant. 
[0032] There are two mitigating factors that create a 
"negative feedback" effect with regard to temperature 
drops. The first mitigating factor is that, while not shown 
in Figs. 4-6, the overall insertion loss improves as tem- 
perature decreases. Electrical losses and thermo- 
acoustic scattering losses decrease. The second miti- 
gating factor is associated with the fact that the power 
amplifier is "slaved" to the base station, as noted above. 
If the base station perceives that the power amplifier is 
not providing sufficient output, the base station will in- 
struct the PCS device to increase the power output of 
the amplifier. At low temperatures, the power amplifier 
is more efficient and can comply with the requests of the 
base station without dissipating significantly greater 
amounts of power. However, with the extra power, the 
filter will warm up from both heat absorbed directly from 
the FBAR filter and from the residual increase in heat 
emanating from the power amplifier. 
[0033] As previously noted, there are a number of 
techniques that may be used to tailor the asymmetrical 
filter response 56. One technique that requires addition- 



al explanation involves incorporating auxiliary inductors 
into the conventional electrical equivalent circuit for an 
FBAR. The conventional equivalent circuit is known in 
the art as the modified Butterworth-Van Dyke circuit, and 

5 is represented in Fig. 7. The main reactive component 
is the shunt capacitance (C P ) 62, which is the capaci- 
tance defined by the structure of the electrodes and the 
piezoelectric layer. The piezoelectric layer functions as 
the dielectric for the shunt capacitance 62. The plate re- 

10 sistance (R P ) 64 represents the series resistance of the 
shunt capacitance 62, while the resistance (R s ) 66 rep- 
resents the series electrical resistance of the connec- 
tions between the contacts 68 and 70 of the electrode- 
piezoelectric stack. Conventionally, the contacts 68 and 

15 70 are formed of gold. 

[0034] The motional representations of the resonance 
as a result of the piezoelectric properties of the FBAR 
are the series connections of the inductance (L M ) 72, 
the capacitance (C M ) 74, and resistance (R M ) 76. Con- 

20 necting an auxiliary inductor in series with an FBAR 
adds another component to the series connection of the 
motional components 72, 74 and 76. The auxiliary in- 
ductance has two effects. The first effect is to slightly 
reduce the resonant frequency of the FBAR. The sec- 

25 ond effect is to introduce an additional series resonance, 
while having a negligible effect on the frequency of the 
parallel resonance of the FBAR. Referring now to Fig. 
8, each of the shunt FBARs 42, 44, 46 and 48 of Fig. 3 
is shown as being connected to an auxiliary inductor 78, 

30 80, 82 and 84. There are also auxiliary inductors 86 and 
88 connected from each port 1 2 and 20 to the series 
FBARs 36, 38 and 40. Using the four auxiliary inductors 
78, 80, 82 and 84 allows the four shunt FBARs to have 
different series resonances, even when the four FBARs 

35 are physically identical. 

[0035] The additional series resonances introduced 
by the auxiliary inductors 78-88 provide additional zeros 
in the filter response of the FBAR filter. The values of 
the auxiliary inductors are selected to set the frequen- 
ce cies of the additional resonances to locate the nulls ap- 
propriately. The inductances of the auxiliary inductors 
78-88 are preferably in the range of 0 nH to 5 nH. This 
is small compared to the inductance of the motional in- 
ductance 72 of Fig. 7, which is typically approximately 

45 80 nH . Consequently, using relatively poor quality induc- 
tors as the auxiliary inductors will not fatally degrade the 
Q of the series resonance of an FBAR. 
[0036] While the invention has been described with 
reference to FBARs that include a single piezoelectric 

50 layer, stacked FBARs may be substituted without di- 
verging from the invention. That is, the term "FBAR" is 
defined herein as including stacked film bulk acoustic 
resonators. 
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Claims 

1 . A filter (34) comprising: 
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an array of acoustic resonators (36, 38, 40, 42, 
44, 46 and 48) which cooperate to establish a 
target passband of frequencies having a high 
frequency end and a low frequency end, said 
acoustic resonators being configured such that 5 
said target passband has an insertion loss pro- 
file (56) in which a minimum insertion loss is 
located at least near said high frequency end 
of said target passband, said minimum inser- 
tion loss being substantially less than insertion 10 
loss at said low frequency end of said target 
passband. 

The filter (34) of claim 1 wherein said acoustic res- 
onators (36, 38, 40, 42, 44, 46 and 48) are config- 15 
ured such that a maximum insertion loss of said 
within said target passband is located at least near 
said low frequency end of said target passband. 

The filter (34) of claim 2 wherein said acoustic res- 20 
onators (36, 38, 40, 42, 44, 46 and 48) are config- 
ured such that said insertion loss profile (56) pro- 
gressively declines from said location of minimum 
insertion loss to said location of maximum insertion 

lOSS. 25 

The filter of claim 1 wherein said acoustic resona- 
tors (36, 38, 40, 42, 44, 46 and 48) are configured 
such that there is a steep roll-off adjacent to said 
high frequency end of said target passband and 30 
there is a generally gradual roll -off adjacent to said 
low frequency end. 



9. A method of forming a filter comprising: 

fabricating a plurality of FBARs (36, 38, 40, 42, 
44, 46 and 48), said FBARs having at least two 
resonant frequencies; and 
interconnecting said FBARs such that said 
FBARs are cooperative lo provide a selected 
filter response (56) over a passband of interest, 
said steps of fabricating and interconnecting in- 
cluding defining a region of low attenuation at 
a first frequency end of said passband of inter- 
est and a region of substantially higher attenu- 
ation at a second frequency end of said pass- 
band of interest. 

10. The method of claim 9 wherein said steps of fabri- 
cating and interconnecting include establishing said 
selected filter response (56) to provide a progres- 
sive increase in attenuation from said region of low 
attenuation to said region of substantially higher at- 
tenuation. 

1 1 . The method of claim 1 0 wherein said steps of fab- 
ricating and interconnecting include providing a 
steep roll-off adjacent to said passband of interest 
at said first frequency end and providing a gradual 
roll-off adjacent to said second frequency end, said 
first frequency end being a high frequency end of 
said passband. 



8. 



The filter of claim 1 wherein said acoustic resona- 
tors are film bulk acoustic resonators (FBARs) in- 35 
terconnected in a topology that includes series 
FBARs (36, 38 and 40) coupled in series and in- 
cludes shunt FBARs (42, 44, 46 and 48) coupled 
between adjacent series FBARs. 

40 

The filter of claim 5 wherein said series FBARs (36, 
38 and 40) have resonant frequencies that deter- 
mine passband characteristics at said high frequen- 
cy end and wherein said shunt FBARs (42, 44, 46 
and 48) have resonant frequencies that determine 45 
passband characteristics at said lowf requency end. 

The filter of claim 6 wherein said resonant frequen- 
cies of said series FBARs (36, 38 and 40) and shunt 
FBARs (42, 44, 46 and 48) are selected for use of so 
said array as a transmitter portion (34) in a duplexer. 

The filter of claim 5 wherein said series FBARs (36, 
38 and 40) and shunt FBARs (42, 44, 46 and 48) 
establish said target passband to have a target fre- 55 
quency range of approximately 1850 MHz to ap- 
proximately 1910 MHz. 



OOCID: <EP 



.123351 1A2J_> 



r 



V 



EP 1 233 51 1 A2 




*DOCID: <EP 



123351 1A2J_> 



X 



EP 1 233 51 1 A2 




9 



DOCID: <EP 



1233511A2 I > 



EP1 233 511 A2 




34 




FIG. 3 



10 



3DOCID: <EP 123351 1A2I > 



EP 1 233 511 A2 




11 



OOCID: <EP 



123351 1A2 I > 



EP 1 233 51 1 A2 




12 



SOOCID: <EP 123351 1A2 I > 



EP 1 233 51 1 A2 




EP 1 233 51 1 A2 




14 

iSDOCID: <EP 1233511A2 I > 



EP 1 233 511 A2 



20 



86- 



36 



78 




] c 



38 



42 



i r 



40 ^88 



44 



80 




3 c 



46 



82 




48 



84 




FIG. 8 



15 




(19) 



(12 
(88 



(43 



(21 
(22 




Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 






(11) 



EP 1 233 511 A3 



EUROPEAN PATENT APPLICATION 



Date of publication A3: 
26.01.2004 Bulletin 2004/05 

Date of publication A2: 
21.08.2002 Bulletin 2002/34 

Application number: 01128647.3 

Date of filing: 30.1 1 .2001 



(51) IntCI 7 : H03H 9/58 



(84 



(30 
(71 



Designated Contracting States: 

AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 

MC NLPTSETR 

Designated Extension States: 

AL LT LV MK RO SI 

Priority: 14.02.2001 US 783773 

Applicant: Agilent Technologies, Inc. (a Delaware 

corporation) 

Palo Alto, CA 94303 (US) 



(72) Inventors: 

• Bradley, Paul 

Mountain View, California 94040 (US) 

• Ruby, Richard C. 

Menlo Park, California 94025 (US) 

(74) Representative: Schoppe, Fritz, Dipl.-lng. et al 
Patentanwalte Schoppe, Zimmermann, 
Stdckeler & Zinkler, 
Postfach 246 

82043 Pullach bei Munchen (DE) 



Passband filter having an asymmetrical filter response 



(54 

(57) A filter, such as a transmit filter (34) of a duplex- 
es includes an array of acoustic resonators (36, 38, 40, 
42, 44, 46 and 48) that cooperate to establish an asym- 
metrically shaped filter response (56) over a target fre- 
quency passband. The acoustic resonators are prefer- 
ably film bulk acoustic resonators (FBARs). The filter re- 
sponse defines an insertion loss profile in which a min- 



imum insertion loss within the target passband is located 
at or near a first end of the frequency passband, while 
the maximum insertion loss is located at or near the op- 
posite end of the frequency passband. In the transmit 
filter embodiment, the minimum insertion loss is at or 
near the high frequency end of the filter response, which 
is tailored by selectively locating poles and zeros of the 
array of FBARs. 



CO 
< 




12 



m 

CO 
CO 
CM 

CL 

LLI 



FIG. 3 



Printed by Jouve. 75001 PARIS (FR) 



nnrirv /CP 



EP 1 233 511 A3 




European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 01 12 8647 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document with indication, where appropriate, 
of relevant passages 



Relevant 
to claim 



CLASSIFICATION OF THE 
APPLICATION (lnt.CI.7) 



EP 1 058 383 A (AGILENT TECHNOLOGIES INC) 
6 December 2000 (2000-12-06) 

* column 2, line 23-56; figure 2 * 

* column 6, line 58 - column 9, line 49; 
figure 4 * 

US 5 561 408 A (YAMAM0T0 YASUSHI ET AL) 
1 October 1996 (1996-10-01) 

* the whole document * 

US 5 332 982 A (KAWAKAMI KENJI) 
26 July 1994 (1994-07-26) 

* the whole document * 



1,5,7-9 



H03H9/58 



1-3 



The present search report has been drawn up tor all claims 



Place of Bea ch 



THE HAGUE 



TECHNICAL FIELDS 
SEARCHED (lnt.CI.7) 



H03H 



Dale of coniple! on si the search 

8 December 2003 



Examiner 



Coppieters, C 



CATEGORY OF CITED DOCUMENTS 

X : particularly relevant if taken alone 

Y : particularly relevant ¥ combined with another 

document of the same category 
A : technological background 
O ; non-wnten disclosure 
P : intermediate document 



T : theory or principle underlying the invention 
= : earlier patent document, but published on, or 

after the filing date 
D : document cited in the application 
L : document cited for other reasons 

& : member of the same patent family, corresponding 
document 



2 



1233511 A3 I > 



EP 1 233 51 1 A3 



ANNEX TO THE EUROPEAN SEARCH REPORT 
ON EUROPEAN PATENT APPLICATION NO. 



EP 01 12 8647 



This annex lists the patent family members relating to the patent documents cited in the above-mentioned European search report. 
The members are as contained in the European Patent Office EDP file on 

The European Patent Office is in no way liable for these particulars which are merely given for the purpose of information. 

08-12-2003 



CT> 

in 

5 



6 





Patent document 
cited in search report 




Publication 
date 


Patent family 
member(s) 


Publication 
date 


EP 


1058383 


A 


06-12-2000 


US 


6262637 Bl 


17-07-2001 










EP 


1058383 A2 


06-12-2000 










JP 


2001024476 A 


26-01-2001 


US 


5561408 


A 


01-10-1996 


JP 


3001349 B2 


24-01-2000 










JP 


6334469 A 


02-12-1994 


US 


5332982 


A 


26-07-1994 


JP 


5022073 A 


29-01-1993 



fc For more details about this annex : see Official Journal of the European Patent Office, No. 12/32 



